Measurements of 82 Hz radio signals from a Russian ELF transmitter located on the Kola Peninsula are described. The measurements were made at several locations around the world, including Dunedin, New Zealand, and Arrival Heights, Antarctica, which are close to the antipodal point for the transmitter. This is the first time man-made ELF signals have been observed over such long distances and their clear reception makes possible a comparison of the theoretically predicted and measured amplitudes near the antipode. The agreement is excellent.
WTF/MTF (Wisconsin Transmitter Facility/Michigan Transmitter Facility) dual antenna transmitting system, which typically operates at a center frequency of 76 Hz. Guided, however, by the comparatively large 82 Hz signal strength at Søndrestrømfjord, and by the references to a Russian ELF transmitter in a novel by Tom Clancy [Clancy, 1990] , who has a reputation for accuracy in regard to defense matters, we provisionally assumed that the source of the 82 Hz signals was in Russia, and that it was most probably located on the Kola Peninsula, which has the necessary very low electrical conductivity for operation of a ground-based ELF transmitter [Vagin et al., 1985] . The lack of detectable signals at Stanford, and some other details of the signal strengths, combined with practical considerations, suggested that the antenna was a long horizontal electric dipole (HED) antenna oriented in an approximate east-west (EW) direction.
We have since confirmed, from Russian sources [E. Tereshchenko, personal communication, 1996; Velikhov et al., 1996] , that there is indeed a Russian ELF transmitter located on the Kola Peninsula, at a location (69 • N, 33 • E) near Murmansk in the northwest of the peninsula. As described by Velikhov et al., [1996] , "the transmitter consists of two sweptfrequency generators of sinusoidal voltage and two parallel horizontal grounded antennas, each about 60 km long. The generators provide 200 to 300 A currents in the antennas in the frequency range from 20 to 250 Hz." In the following, we will assume that the Russian ELF transmitter (hereafter referred to as the Kola Peninsula Transmitter Facility, or KPTF) is located on the Kola Peninsula at 69 • N, 33 • E, and that the azimuthal orientation (taken to be φ = 0 • ) of the long HED (or equivalent horizontal magnetic dipole (HMD) [Bannister, 1966] ) is approximately 13 • N of E (77 • E of N). The antipodal point for the KPTF is at 69 • S, 213 • E, which is located off the coast of the Antarctic in the north-eastern part of the Ross Sea, near Marie Byrd Land, and the great circle distances of this antipodal point from the Arrival Heights and Dunedin measurement sites are 1.7 Mm and 3.5 Mm, respectively.
It is remarkable to have measurements of man-made ELF signals over such long ranges, and particularly at antipodal distances (where a form of focusing of the signals is predicted theoretically), and they provide a unique opportunity to test the propagation theory for these ELF signals at large distances from their source for the first time. The purpose of this paper is to describe our comparison of the measured and theoretically-expected signal amplitudes and to show the excellent agreement between the two quantities.
Analysis of the Measurements
The great circle distance (ρ) from KPTF to Søndrestrømfjord is close to 3.2 Mm, which, to two significant figure accuracy, is the same as the distance from the WTF/MTF combination to Søndrestrømfjord. Given this fortuitously close agreement in range, it is significant that our measurements indicate that the normalized (to φ = 0 • ) 82 Hz Søndrestrømfjord field strength is 10 dB greater than the 76 Hz Søndrestrømfjord WTF/MTF field strength. A similar 10 dB difference is also obtained when appropriate comparison is made between the 82 Hz field strength for the KPTF-to-Japan path (7.0 Mm) and the 76 Hz field strength for the WTF/MTF-to-Hawaii path (6.7 Mm). We will therefore assume that the 82 Hz KPTF magnetic dipole moment (M ) is 10 dB greater than the 76 Hz combined WTF/MTF magnetic dipole moment.
For an HMD antenna
where M is the magnetic moment (Am 2 ), L is the antenna length (m), I is the antenna current (A), and where W (m) is the effective vertical extent, or depth, of the antenna. For a single layer earth, with an electrical conductivity of σ 1 and magnetic permeability µ 0 , W is given by
where γ 1 is the propagation constant and δ 1 = (2/ωσ 1 µ 0 ) 1/2 is the corresponding skin depth [Bannister, 1966] . If we assume there is a second layer of conductivity σ 2 starting at a depth of h 1 beneath the first, and that σ 1 σ 2 and tanh
The average effective conductivity of the earth beneath the WTF/MTF antennas is approximately 2.4 × 10 −4 S/m [Bannister, 1976; Wolkoff and Kraimer, 1993] , which gives an effective depth of W ∼ 2.6 km at a frequency of 76 Hz. For the very low conductivity Kola Peninsula area, there is a first layer with a conductivity of approximately 10 −5 S/m down to a depth (h 1 ) of approximately 10 km, beneath which there is a second layer with a conductivity of approximately 10 −3 S/m [Vagin et al., 1985] . Thus condition (3) applies and W ∼ 10 km, which is approximately four times greater than the value of W for the WTF/MTF antenna combination.
For the combined WTF/MTF antennas, operating at 76 Hz, we have
Since the magnetic moment for the KPTF is approximately 10 dB greater than that of the WTF/MTF combination, it must equal 1.1 × 10 5 A km 2 . For an antenna length of 55 km, the required current I is 200 A. That is, at 82 Hz: The January 1990 82 Hz field strengths measured at Søndrestrømfjord, Dunedin, and
Arrival Heights (and estimated at Stanford) are presented in Table 1 . Also listed are the 1985-1994 January 80 Hz median atmospheric noise values measured in dBH T (H T is the total horizontal magnetic field noise level; the unit of H T is dB with respect to the reference quantity of one ampere per meter in a 1 Hz bandwidth), and the signal-to-noise ratios (SNR's)
for both a 1 Hz bandwidth (BW) and for a 2 minute integration time (IT). Note that the measured Søndrestrømfjord 2-minute integration time SNR is 25 dB, which corresponds to an easily measured signal. On the other hand, the estimated Stanford 2-minute integration time SNR is ≤ 1.5 dB, which is undetectable. Figure 1 . Average amplitude spectrum of the lower-ELF radio noise at Søndre-strømfjord, Greenland, during January, 1990. The average spectrum is computed from the 1185 one-minute synoptic recordings taken twice per hour that contained 82 Hz transmissions; the overall total possible number of these one-minute recordings during January is 1488.
The receiving antennas at the Stanford University ELF/VLF measurement locations are normally installed as perpendicular pairs, with one antenna oriented in the magnetic NS direction and the other otherwise identical antenna oriented in the magnetic EW direction, and it is the signals received on the magnetic NS aligned antennas that were employed in this analysis. Since the magnetic NS direction is different from the great circle path direction from KPTF to these sites, a receiving antenna correction factor must be employed. The correction factors varied from 0 dB at Søndrestrømfjord to 6.5 dB at Arrival Heights. Also, since these sites are off axis to the KPTF antenna (i.e., φ = 0 • ), a transmitting antenna correction factor must also be employed. These transmitting antenna correction factors vary from 2.0 dB at Dunedin to 8.6 dB at Arrival Heights. Bannister [1975 Bannister [ , 1993 Bannister [ , 1996 , the 76 Hz magnetic field strength produced at where E is the excitation factor, α is the attenuation rate (measured in dB/Mm), ρ is the great circle distance (measured in Mm), and a is the radius of the earth (6.370 Mm). E is defined as:
where h is the ionospheric reflection height in km, and c/v is the earth-ionosphere waveguide phase velocity ratio.
We have shown that the 82 Hz KPTF field strength is 10 dB greater than that of the 76 Hz WTF/MTF combination in an omnidirectional mode. As a result, the 82 Hz magnetic field strength produced by the KPTF for distances in the range 1 to 19 Mm may be expressed as 20 log H φ ≈ −121.8 + 20 log E − αρ − 10 log(a sin ρ/a) + 20 log cos φ dBA/m (8)
At the antipode (ρ = 20 Mm), the spreading loss factor (−10 log(a sin ρ/a)) is replaced by +10 log(π 2 (c/v)/λ) [Galejs, 1972; Burrows, 1978] , where λ is the free space wavelength in Mm. For frequencies of 76 to 82 Hz and c/v ∼ 1.09 (nighttime propagation), the antipodal spreading loss (which is actually a focusing gain) varies in the range +4.3 to +4.7 dB.
Utilizing eqn (8) and comparing the Søndrestrømfjord/Dunedin and Søndrestrømfjord/ Arrival Heights field strengths (Table 2) respectively [Bannister, 1993 [Bannister, , 1996 .
This comparison indicates that the nighttime 82 Hz field strengths at antipodal distances (15 to 20 Mm) will be substantially greater than the daytime field strengths. For example, at a range of 17.5 Mm, the nighttime field strength will be (17.5(1.3 − 0.5) − 3.7 + 0.8) = 11.1 dB greater than the daytime field strength.
The average 76 Hz nighttime attenuation rate (α N ) measured over various paths (with lengths in the range 1.5 to 11.5 Mm) is ∼ 1.0 dB/Mm [Bannister, 1985 [Bannister, , 1993 [Bannister, , 1996 . However, during January, α N ∼ 0.6 dB/Mm for the WTF/MTF to Hawaii path. Because of the effect of earth's magnetic field, we would expect the attenuation rate for this predominantly EW path to be greater than the attenuation in the WE or NS directions (such as KPTF-toDunedin and KPTF-to-Arrival Heights paths). Thus, a nighttime attenuation rate value of 0.5 dB/Mm is reasonable for the given time of year. (An exponential ionospheric conductivity profile with β = 0.55 km −1 and H = 95 km, as was used by Wait and Spies [1964] , yields α ∼ 0.5 dB/Mm). On the other hand, if the measurements were taken in the March/April time period, the nighttime attenuation rate would be ∼ 1 dB/Mm [Bannister, 1993 [Bannister, , 1997 .
Shown in Figure 2 also plotted the 76 Hz field strengths for January as measured in Connecticut, King's Bay (Georgia), and Hawaii [Bannister, 1997] . 10 dB has been added to the measured values to adjust for the difference in transmitter strengths and the distances are measured from the WTF/MTF midpoint. Again, the agreement is excellent. (The Hawaii measured nighttime field strength is 0.7 dB low, but this is because the nighttime attenuation rate in this EW direction is 0.1 dB/Mm greater than in the WE/NS directions).
Field strengths of the 82 Hz signal for mixed day/night paths were also measured at Kochi, Japan (7 Mm range) during January through March, 1990. As we have already noted, the normalized field strengths were almost identical to the 76 Hz field strengths (with 10 dB added) for the Hawaii mixed day/night path (6.7 Mm range) for the same three month interval.
Conclusion
During January 1990, 82 Hz CW transmissions were successfully received for many days at a number of ELF/VLF radio noise measurement sites operated by Stanford University around the world. The source of these transmissions was undoubtedly the Russian ELF transmitter (KPTF) located in the Kola Peninsula, which is about 10 dB more powerful than the U.S. 76 Hz dual transmitting system (WTF/MTF).
It is particularly interesting that the 82 Hz signals could be clearly measured at Dunedin, New Zealand, and Arrival Heights, Antarctica, which are close to the antipodal point of the KPTF. This is the first time that man-made ELF signals have been received over such long 
